AND CONCLUSIONS
1. The development of cortical responses to somatic stimula-INTRODUCTION tion was studied in kittens 2-5 wk of age using the 2-deoxyglucose (2DG) technique. During the 2DG experiment each kitten received an innocuous intermittent vertical displacement stimulus to the forepaw.
2. The pattern of metabolic activity was substantially different in young animals compared with adults. In the individual autoradiographs of the 2-wk-old kittens stimulus-evoked 2DG uptake in primary somatosensory cortex was localized to a small spot in the upper portion of the cortex, whereas in the adult the label extended vertically through the cortical layers and appeared more columnlike. Individual patches of label were substantially smaller and less dense in young animals. Over a period of several weeks the evoked activity evolved to the more extensive adult pattern. The 2DG uptake displayed a mature distribution by -4-5 wk of age. During this period, the cortical architecture also evolved from an immature to a mature arrangement.
Although it is becoming clear that early experience is important in establishing functional and anatomic relations in the adult brain, very little is known about how the neonatal brain responds to stimulation. The development of physiological activity has been assessed to some extent in the visual system, where a number of studies describe early activity in the visual cortex (see Armstrong-James and Fox 1988 for review). These experiments report the ontogeny of visual cortical responses and indicate that although developing neocortex responds in a visuotopic manner to stimulation of the receptor sheet, many neuronal properties remain immature up to 6-7 wk of age. For example, the receptive fields of neurons in the visual cortex are larger in young cats than adults and the individual visual neurons of kittens do not display the diversity of response properties that are present in adult (see Armstrong-James and Fox 1988 for re-3. The evoked activity was reconstructed into two-dimensional maps; the distribution of label ~1.5 SD above background was considered to be stimulus related. In the adult, the pattern appeared as a strip or strips of increased metabolic activity that exview).
tended in the rostrocaudal direction for -1 mm. In contrast, the activity pattern in animals 2-4 wk old was less discretely organized into "strips" and was more diffusely spread over several mms of somatosensory cortex. The two-dimensional pattern gradually coalesced into a more localized strip by -4-5 wk of age. Although the pattern of label was more widespread in the young animals, the absolute distance of the spread of activity did not vary substantially, regardless of the age of the animal.
The development of connections to and within the neocortex has also been described in the visual system. Both the thalamocortical and intrinsic cortical connections of primary visual cortex undergo dramatic alterations during maturation. In the adult cat, the thalamocortical terminations have a distinctly patchy distribution related to eyespecific ocular dominance columns (Hubel and Wiesel 4 . Other measurements regarding the distribution of activity at different ages indicate that the amount of cortex activated increases in absolute terms, although the percent of cortex activated by the stimulus decreases. The overall intensity of the 2DG uptake as measured on the two-dimensional maps increases with age, as does the variability of the 2DG uptake; a wider range of intensity values is seen in the adult. Plots created from the individual twodimensional reconstructions allowed a measure of "patch strength" at different ages. These histograms relate the most intense region of uptake in a given map to the spatial distribution of activity spreading in the medial and lateral directions. The information obtained from these plots provides evidence that the individual patches of 2DG uptake gain strength (i.e., intensity of label) as the somatosensory cortex matures.
1972). The intrinsic connections are also obviously patchlike, although the functional significance of the individual patches is not as clear as the thalamocortical patches, which 5. We suggest that the pattern of activity seen in response to somatic stimulation in developing cats is underlined by evolving structural and neural patterns identified in visual and somatosensory cortex of maturing kittens. The amount of 2DG uptake in young animals is less dense and covers a greater fraction of cortex compared with the adult pattern, which is more organized and coalesced into discrete units.
are related to a specific eye Wiese1 1983, 1989) . The axons of the developing thalamocortical projections are initially less discrete and gradually organize over a period of several weeks into precise patchlike structures that terminate in layer 4 (Katz and Callaway 1992; Luhmann et al. 1990 ). In addition, the tangential or horizontal connections within visual cortex undergo elaborate refinements, beginning with a complete lack of specific clustering at birth and evolving to highly formed clusters of cells (Katz and Callaway 1992) . It is likely that the ontogeny of the anatomic changes occurring in visual cortex is reflected in functional changes leading to neurons that possess smaller receptive fields, are more specifically dominated by input from one eye, and are driven by specific features indicative of visual cortical neurons.
Similar structure-function correlations describing the evolution of neural activity and anatomic relations are not 2118 S. L. JULIANO, R. A. CODE, M. TOMMERDAHL, AND D. E. ESLIN available in the somatosensory cortex. The existing experiments reveal that in the cat a somatotopic organization is present at birth, although many features of neuronal response properties are immature (Rubel 197 1) . The latency of neuronal activation is long; neurons are easily fatigued and generally less complex in their repertoire of responses. In rat somatosensory cortex many of the findings are similar to those in the cat, although the receptive fields of individual neurons are reported to be larger than those of the adult, a finding not observed in the cat (Armstrong-James 1975) . Limited reports describe the development of connections to or within the somatosensory cortex. An earlier study by Wise et al. ( 1977) indicates that thalamocortical projections appear relatively adultlike in neonatal cat, although the cytoarchitecture of cat somatosensory cortex is clearly not mature until -4 wk of age (Code and Juliano 1992) . Almost nothing is known about intrinsic connections in developing cat or primate somatosensory cortex. . Although the limited data accessible from the somatosensory and visual systems suggest that a precise structural and functional organization emerges from a more diffuse organization, some aspects of previously reported information indicate a relatively precise arrangement at birth, such as the description of thalamocortical projections (Wise et al. 1977) . The studies reported here were undertaken to more clearly understand the development of functional activity patterns in the somatosensory cortex of young kittens in response to a somatic stimulus. The use of the 2-deoxyglucase (2DG) technique provides a unique means to study the maturation of physiological responses because the activity evoked throughout the somatosensory cortex, as well as its concurrent laminar distribution, can be analyzed in detail. A portion of the data described here has been presented in abstract form (Juliano et al. 1990~) .
METHODS
Fifteen kittens of either sex were used for these studies. Their ageswere<2wk,(n=3),2wk(n=3),3wk(n=4),4wk(n= 3) and 5 wk (n = 2) and they ranged in weight from 225 to 970 g. Two adult female cats used in other experiments were also included for analysis here. These animals make up the population of animals used for conclusions made in this study.
2DG experiments
Each kitten was anesthetized with halothane (2-3s) and received an endotracheal cannula and a catheter into the long saphenous or femoral vein. A long-lasting topical anesthetic ointment was applied to the site of the catheter insertion and ophthalmic ointment applied to the eyes. At this point, gallamine triethiode was injected intravenously and the anesthetic changed to nitrous oxide (N,O::0,,70::30) .
Vital signs were monitored and maintained within normal limits, including expired CO*, heart rate, and body temperature. The animal recovered from the effects of the halothane anesthesia for -1.5 h. An innocuous somatic stimulus was initiated 5 min before injection of 2DG. After 1 5-min "prestimulation" period the 2DG was administered intravenously ( 10 &i / 100 g) and the somatic stimulation continued for 45 min. After the stimulation period, an overdose of pentobarbital sodium was injected intravenously (40 mg/ kg) and the animal was perfused through the heart with saline followed by 4% buffered paraformaldehyde. The brains were immediately removed, blocked, and frozen in isopentane at -50°C. They were stored in a freezer at -70°C. The stimuli consisted of intermittent vertical displacements of the skin that ranged in frequency from 10 to 20 Hz; the amplitude of the stimulus was 0.25 mm. One animal received a stimulus delivered at a rate of 4 Hz. The stimuli were administered using a Grass waveform generator that drove a Ling stimulator with square-wave pulses. A rounded plastic probe with a diameter of 0.5 cm was attached to the Ling stimulator and contacted the ventral surface of the forepaw of each kitten. The majority of animals (n = 11) received stimuli to digit 3, to compare the effect of a standard stimulus across animals; four kittens received stimuli to other portions of the forepaw, such as digit 2 or the central pad.
Tissue processing/histology
The brains were cut in the coronal plane at -16°C in a cryostat at 30-pm thickness. The sections were collected on gelatin-coated slides and immediately dried on a hot plate at 60°C. Alternate sections of some brains were saved for other histologic procedures and used in a different study (Code and Juliano 1992) . The sections were exposed to x-ray film (Kodak, SB-5) along with 14C standards, for 1 wk; the film was developed and fixed according to standard procedures. After exposure to the x-ray film, the sections on glass slides were stained for Nissl substance.
Digitization and computer reconstructions
Individual autoradiographs were viewed with our image analysis system, which consists of a PDP 1 1 / 23+ interfaced with a Wild stereomicroscope, video camera, and video monitor. Software developed for this system (Tommerdahl et al. 1985) allowed us to measure optical density values and the dimensions of labeled regions on the autoradiographs. Digitized two-dimensional reconstructions were constructed for the brain of each animal receiving a digit 3 stimulation according to previously published protocols (Tommerdahl et al. 1985; Juliano et al. 1989; 1990b) . Briefly, each autoradiograph was digitized and viewed on the monitor and the region of interest in the somatosensory cortex was indicated by drawing a line through layer 4 using a digitizing tablet. Each section was then parcelled into radial arrays of -50 pm in bin width, above and below the layer 4 line, inclusive of layers 2 through 5. The pixel values of relative intensity for each 50-pm bin were averaged to a single value, which was assigned an intensity of O-255. The linear arrays of these values from each autoradiograph were displayed on the video monitor and aligned on a morphological landmark (the fundus of the coronal sulcus). The intensity features of the unfolded maps composed of individual autoradiographic sections were then available.
A selected region of the somatosensory cortex was chosen for a quantitative analysis of map features. Boundaries were imposed on the maps, which allowed us to directly compare the extent of cortex demonstrating increased 2DG uptake in response to digit 3 stimulation among animals of different ages and different-sized brains. The boundaries were derived from morphological landmarks and included I ) laterally, the fundus of the coronal sulcus, 2) medially, a trajectory drawn radially through the cortex to intersect with a 60' angle drawn from the fundus of the cruciate sulcus (see Fig. 1 )) and 3) rostrocaudally, the central 40% of the distance between the vertical limb of the cruciate sulcus and the angle of the ansate sulcus. These boundaries always included areas 3b and 1 and the representation of the forepaw, including digit 3 (see Fig. 1 ). We created this standard region of cortex to facilitate comparison among patterns of activity evoked in adult and young animals, which had dramatically different brain sizes.
To measure the precise regions of cortex activated by somatic stimulation, we determined the average optical density value of the entire standard region of somatosensory cortex obtained in the reconstruction (see Fig. 1 level of the entire map were visualized and the area of cortex included in the "activated" region was determined using a digitizing tablet interfaced with our image analysis system.
RESULTS

Evoked activity observed in individual autoradiographs
ADULT.
The general features of 2DG activity evoked in the somatosensory cortex of adult cats have been described previously (Juliano et al. 1989 (Juliano et al. , 1990b . The label occurs largely as individual column-like patches of uptake that extend from lamina 2 to 4, although they sometimes extend into layer 5; an example of 2DG patches evoked in the adult can be seen in Fig. 2 . The patches may also be less extensive, occasionally traversing only layers 3 and 4. The patches in adult somatosensory cortex are often situated on a dense tangential band of label in layer 4; the adult patches are usually widest in layer 4. In this study, stimulus-evoked activity included regions of cortex that displayed a density > 1.5 SD above background; background is defined as the mean optical density value for the entire somatosensory cortex as determined on the two-dimensional maps (see Fig. 1 ). The mean dimension of the adult patches is 900 pm, a value similar to that reported previously for measurement of 2DG patches in somatosensory cortex (Juliano et al. 1989) . For adult animals stimulated on digit 3 during a 2DG experiment, the regions of increased metabolic uptake average 50% above background in intensity.
O-2 WK OF AGE.
Metabolic activity clearly related to the somatic stimulus could not be observed in kittens younger than 2 wk. The 2DG uptake in these very young animals has been described elsewhere (Code and Juliano 1992 ) and therefore will not be considered in detail here. In animals 22 wk old, we found that 2DG activity elicited by somatic stimulation differed from that evoked in the adult. Rather than distributing as a columnlike patch of label, the metabolic uptake appeared more as a "spot" of activity that resided in the upper half of the cortex (see Fig. 2 ). Because at this age the cortical layers are not mature in kitten somatosensory cortex (Code and Juliano 1992) , the spot of activity appears to inhabit a site corresponding with the immature layers 2 through 4 (see Fig. 3 ). The spots averaged 409 pm in width and are less dense than the adult patches, averaging 10% above background. The patches of activity in the younger animals were distinctly narrower than the adult patches and gradually became adultlike in dimension over a period of weeks (see Fig. 2 ). The overall character of the label did not change with the site of the stimulus (i.e., digit 3, digit 2, or central pad). To determine whether the frequency of the stimulus had an effect on the ability of the immature somatosensory cortex to take up 2DG in response to a stimulus, one animal (2 wk of age received an intermittent vertical displacement stimulus delivered at 4 Hz. No increased activity that could be attributed to the stimulus was found.
3-5 WK OF AGE.
At 3 wk of age, the spot of activity evoked in response to forepaw stimulation increased slightly in intensity and dimension but otherwise appeared similar to the activity evoked at 2 wk of age (Fig. 2) . The cortical cytoarchitecture and laminar pattern is still not fully mature at this age, although the cortical layers are more clearly distinguished (see Fig. 3 ). These spots of activity averaged 521 pm in width and 18% above background in optical density values.
At 4 wk of age the stimulus-evoked 2DG label is closer to that observed in the adult. The activity is more patchlike and extends across cortical laminae, rather than being confined to a small spot in the upper half of the cortex (Fig. 2) . The metabolic patches averaged 674 pm in width. At 5 wk of age the activity is clearly adultlike and dense patches of uptake occur across layers 2-4, or 2-5, in response to somatic stimulation (Fig. 2) . The cortical layers are fully formed at this age. The patches averaged 711 pm in width and 27% above background in optical density values.
Evoked activity observed in two-and three-dimensional reconstructions Two-dimensional maps of activity were reconstructed from the autoradiographs of animals that received digit 3 stimulation. The maps were made according to procedures described in the METHODS. For comparison purposes, the 2120 S. L. JULIANO, R. A. CODE, M. TOMMERDAHL, AND D. E. ESLIN FIG. 2. Autoradiographs of 2DG uptake in the somatosensory cortex of animals ofdifferent ages cut in the coronal plane. A: stimulus-evoked activity in the 2-wk-old animal was reduced compared with the older animals; individual patches of uptake were small, weakly labeled, and localized to the upper portion of the cortex (arrow). B: at 3 wk of age the evoked activity is stronger, more visible, and more patchlike, but still remains localized to upper portions of the cortex. Arrow: patch of activity. C: at 4 wk of age the evoked label has become denser and more adultlike in its distribution, extending into the central and deeper layers (arrow). D and E: autoradiographs of individual coronal sections taken from animals aged 5 wk and adult. The patches of 2DG label in response to somatic stimulation are similar at both ages, the activity becoming denser, wider, and extending into the middle and deeper layers. Arrows: patches of activity. The images were photographed directly from the autoradiographs and are not digitized. Scale bar: 1 mm. The experimental animals are indicated by Kl , K2, Cl, etc. values made visible during our analysis were normalized in ues 1.5 SD above background, regardless of the absolute relation to the total activity found in each map. The values intensity of the label. It should be noted that the optical displayed in the reconstructions portrayed in Fig. 4 are density values were generally lower in the younger animals, 2 1.5 SD above the average density of each map. Therefore although this feature is not observable in the two-dimenthe black values always correspond to activity 2 SD above sional reconstructions. The overall density of the pattern of background and the gray values correspond to activity val-label gradually increased with age and is described below. In Photomicrographs of Nissl-stained sections ofcat somatosensory cortex at different ages cut in the coronal plane. At 2 wk of age the cortical layers 2-4 are not easily distinguished. In the young animal, the 2DC label is located in the upper portion ofthe cortex corresponding to the cortical plate (CP). In the 3-wk-old animal the cortex is thicker, but cortical layers are still not easily distinguished. At this age, the 2DC label remains localized to the CP. In the adult, 6 layers can easily be differentiated. The 2DG uptake often extends in the middle and lower portions of cortex. The cortical layers are indicated with numbers. Scale bar: 500 pm. The experimental animals are indicated in the right corner.
addition, a standard portion of somatosensory cortex was reconstructed to allow comparison of the activity evoked throughout the somatosensory cortex at different ages.
In the adult, the reconstructed pattern of label evoked after digit 3 stimulation occurs as one or two strips of activity that extend for -1 mm in the rostrocaudal dimension (Fig. 4) . The pattern evoked in the 2-wk-old animal after digit 3 stimulation is different from that in the adult (Fig.  4) . Rather than forming a distinct strip, the activity appears less focused and more dispersed throughout the somatosensot-y cortex. The same is true for the activity pattern elicited in the 3-wk-old animal. Although at 3 wk the 2DG uptake is somewhat more coalesced into distinct units, the label still appears less converged than the adult distribution. At 4 and 5 wk of age the pattern becomes more adultlike, forming distinct loci of activity rather than distributing over a larger area (the 4-wk pattern is not illustrated).
It should be noted that although the maps of 2DG uptake in the 2-to 3-wk-old animals were less focused than the distribution of activity observed in the adult, the optical density values displayed less variability in the young animals than in the adults. For example, the mean + SD of the optical density values found in the entire map of a 2-wk-old animal was +5.45 (on the basis of a scale of O-255), whereas in the adult map a greater range of activity was found; there the SD of the total average optical density was +22. Thus, as the activity pattern fuses into a more distinct strip, the entire distribution displays more variability in the intensity of uptake.
The difference in the intensity of the above background activity at different ages is more easily visualized in threedimensional reconstructions of the somatosensory cortex. The maps displayed in Fig. 5 indicate that although peaks of activity are evident in a 3-wk-old animal (bottom), they are substantially smaller than those observed in the adult (top). Although the foci of increased 2DG uptake can be observed in the younger animals, the intensity of the activity is substantially greater in the adult. Therefore, the response to stimulation is 20% above background levels in the 3-wk-old animal and -50% above background in the adult animal. In Fig. 5 the evoked activity is seen as shades of blue and the background as shades of green.
Quantijcation of reconstructed 2DG patterns
We quantified the evoked activity using a number of different means. It can be seen in Fig. 6 that certain features of the pattern of label remain relatively constant for different ages and other features change. We measured the area of cortex (expressed in square millimeters) displaying activity 2 1.5 SD above background (Fig. 6A) , the amount of somatosensory cortex exhibiting increased activity expressed as a percent of the total reconstructed map (Fig. 6 B) , the distance of the spread of activity in the mediolateral dimension (Fig. 6C) , and the fraction of somatosensory cortex covered by the mediolateral spread of activity expressed as a percentage of the total mediolateral distance (Fig. 6 D) . A one-way analysis of variance indicated that there were no significant differences among the mean values of each group of measurements (P 2 0.05) except the fraction of Background is defined as the average activity value of the entire reconstructed map. On the II& the distribution of activity for a 2-wk-old animal covers a large fraction of standardized somatosensory cortex, especially in the mediolateral dimension. On the right, the distribution of label in the adult is more compact and covers a smaller percentage of the entire area reconstructed.
The 3-wk and 5-wk examples represent distributions on a continuum from more expanded (2 wk) to more organized (adult). The scale is expanded in the anteroposterior dimension to visualize details of the label. Experimental animals are indicated in the bottom leff. Up is medial, left is posterior. the mediolateral spread of activity (P I 0.0 1; Fig. 6 D , indicated with an asterisk). Despite a lack of significance, there appear to be trends in a number of the data sets; perhaps a higher number of animals in each age group might have yielded significant differences. The data considered together, however, suggest that the mediolateral spread of activity in the somatosensory cortex reduces significantly as the animal matures (Fig. 60) , even though the absolute amount of activated cortex remains relatively constant (Fig. 6B) .
Another quantitative measure of activity was obtained by using the two-dimensional maps to determine the relationship between the site of the greatest intensity of label and the spatial distribution of the activity. In Fig. 7 , the region of cortex containing the most intense label was determined and the spatial distribution of activity in relation to this location plotted. Each histogram in Fig. 7 is generated by creating radial segments from the peak patch of activity (Tommerdahl 1989; Tommerdahl et al. 199 1) . Values are stored in bins as a function of distance from the patch and are collapsed into either the lateral direction within the cortex (i.e., negative numbers in Fig. 7) or the medial direction (positive numbers). Inspection of Fig. 7 reveals that the label (expressed as amount of radioactivity, i4C concentration) is dramatically reduced in the young animals and increases incrementally with age. (Although not shown in this figure, the 3-and 4-wk histograms are positioned in between the 2-and 5-wk curves). This analysis can be viewed as a measure of "patch strength." At later ages the cortical response to a stimulus increases in specificity, allowing a greater emergence of the signal-to-noise ratio. The peak of activity in the adult is clearly evident, and two distinct foci can be localized. In the histogram of the 2-wk map, the peak of activity in relation to the activity in the surrounding cortical regions is not strong; i.e., it is difficult to extract the "signal" from the "noise." Separate foci in the 2-wk plot are not easily isolated because the radioactivity is less clearly segregated into patches.
Histograms of the distribution of density values (expressed as amount of radioactivity) were also computed for each of the two-dimensional reconstructions. The histograms in Fig. 8 were produced by obtaining the peak intensity value on each map and generating a plot containing all the values of radioactivity within a 3-mm radius from the most intense point. The plots in Fig. 8 demonstrate that at 2 wk of age, the overall activity level in the somatosensory cortex is relatively low (expressed as i4C concentration on the abscissa) but gradually increases with age. In addition, the radioactivity values of the 2-wk-old animal center sharply around a peak, displaying little variation. In the adult pattern, substantially more variability can be observed in the distribution, with a strong focal peak not evident. At 3-5 wk of age (only the data from a 5-wk-old animal is shown in the plot) the distributions gradually increase in 14C concentration and in the variability of intensity.
DISCUSSION
This study demonstrates that evoked functional activity in the somatosensory cortex of cats undergoes a dramatic evolution during the period from 2 to 5 wk of age. In animals ~2 wk of age activity associated with the stimulus was not observed. In animals 22 wk of age the label is initially much less intense than that found in adults and covers a greater percentage of somatosensory cortex than the adult uptake. The activated pattern gradually coalesces into a distinct strip or strips of activity that includes a smaller fraction of cortex.
-5000 0 5000 10000 distance (microns) FIG. 7. Plots demonstrating the relationship between peak activity and the spatial distribution of activity. Each curve was created from a 2-dimensional map, in which the site of the greatest intensity of activity was determined. Radial segments were generated from the peak intensity locus and the values in each segment stored in bins as a function of the distance from the intense region. The values in the bins are collapsed into a lateral direction (negative numbers) and a medial direction (positive numbers). The optical density values are expressed as 14C concentration (in nCi) by extrapolation from the standards exposed with the film. The plots can be considered as a measure of "patch strength," indicating that the adult (Cl ) demonstrates a strong measure of patch activity, with 2 peaks being evident. In the younger animals it is more difficult to differentiate individual patches. Strong evidence of patches does not emerge in the 2-wk-old (Kl ) and 5-wk-old (K5 ) animals, because the values representing the "signal" (patch) are not easily differentiated from the values representing "noise" (background activity). 6 . Bar graph illustrating the distribution of metabolic activity as measured in the 2-dimensional maps. Displayed are the mean values for the following categories of measurement at different ages (n = 2 at each age; note that categories A, B, and C should be read on the Zefi y axis, D should be read on the right y axis). A : total area1 extent of activity 2 1.5 SD above background in maps of different ages, expressed in mm2. B: percent that the labeled area includes of the standard region of reconstructed cortex. C: mediolateral spread of activity 2 1.5 SD above background in animals of different ages, expressed in mm. D: percent that the mediolateral spread of activity extended over the entire region of reconstructed cortex, read on the right y axis. A one-way analysis of variance of these values revealed that the means of the values in category D expressed a significant difference at P I 0.01, indicated with an asterisk; none of the other categories of measurement were significantly different across ages.
Underlying structural correlates
Although the amount of information describing the development of the intrinsic or extrinsic connectivity in cat somatosensory cortex is scanty, substantial research reports the development of these connections in the visual cortex. In studies pertaining to the ontogeny of visual cortex in cats and many primates, it has long been known that projections from the lateral geniculate nucleus (LGN) into primary visual cortex demonstrate increasing specificity with age. Eye-specific projections from individual layers of the LGN initially overlap within layer 4 but gradually evolve into distinctly separate patches, that represent input from a given eye (Le Vay and Stryker 1979). The horizontal con- 0  200  400  600  800  1000  1200  1400 Cl 4 Concentration   FIG. 8 . Plots representing the intensity of 2DG uptake at different ages, expressed as 14C concentration ( in nCi ) . Each plot was generated by determining the most intense region of activity in a 2-dimensional reconstruction, and obtaining the intensity values within a 3-mm radius from this spot. At 2 wk of age (Kl ) the activity values center around a sharp peak and display little variability. At 5 wk of age (K5 ) the intensity of the label increases, as does the variability of the uptake. In the adult (C 1 ), the density of the 2DG uptake increases further. The variability of label also increases; no clear peak is evident. nections within area 17 also become increasingly specific over the first 4-6 wk of life. In kittens, injections of a tracer into area 17 indicate that tangential projections are initially relatively continuous over an extensive cortical distance but become more and more patchy as the animal matures (for review, see Katz and Callaway 1992) . Vertical connections also display increasing specificity; in the case of connections between layers, an extensive and highly specific ramification of axonal arbors into the supra-and infragranular layers occurs with maturity Katz 199 1; Katz and Callaway 1992; Lund et al. 1977) . These structural changes underlie functional changes that include an increasing complexity of receptive fields and an increasing dedication to ocular dominance. In addition, the development of callosal connections and connections between cytoarchitectonic areas in cat and monkey also displays an original homogeneity and/ or exuberance followed by a refinement of the connectional pattern that is more intermittent and patchy than the distribution in the neonate (Cornwell et al. 1984; Dehay et al. 1986; Innocenti 198 1; Innocenti et al. 1977; Price 1986; Price and Blakemore 1985; Price and Zumbroich 1989; Webster et al. 1991) . Although specific connectional properties have not been clearly established in the developing somatosensory cortex of cats or primates, a few studies suggest that the somatosensory cortex may form using properties similar to those of the visual cortex. For example, Innocenti and colleagues indicate that neurons projecting callosally in the somatosensory cortex of the cat gradually reduce in tangential and vertical extent, progressing from connections described as "exuberant" to those that are more specific (Innocenti and Caminiti 1980) . Killackey and Chalupa ( 1986) have demonstrated, in primate somatosensory cortex, that initial callosal connections are relatively continuous and become intermittent as the animal matures (also see Chalupa and Killackey 1989) . In addition, Darian-Smith et al. ( 1990) found that thalamocortical projections terminate in widespread targets in neonatal primates compared with similar projections in adult monkeys.
Preliminary experiments from this laboratory suggest that intrinsic connections within kitten somatosensory cortex begin as a relatively continuous single band, which develops into two discrete deep and superficial bands that are distinctly patchy (Sonty et al. 1992) . It therefore seems likely that evolving structural patterns underlie the metabolic pattern demonstrated in this study. The less focused distribution of 2DG uptake observed in 2-to 3-wk old animals may reflect the pattern of connections within the developing neocortex, which are relatively continuous and not clearly patchlike. The evolving distribution of metabolic label in the vertical dimension also probably reflects both laminar differentiation and growth of axons (and dendrites) within cortical layers. The layers of the cat somatosensory cortex are not fully mature until -4 wk of age, although they can be easily distinguished by -3 wk (Code and Juliano 1992) . It would therefore probably be difficult to evoke columnlike activity specifically organized within the layers at a time when the cytoarchitecture is not yet formed; thus the immature spots of label we observed here in the young animals. In addition, increasing optical density values in response to the stimulus may reflect in part the increasing density and specificity of the connections with the cortical layers.
In the data presented here, the fraction of cortex activated by the stimulus shrinks significantly (P 5 0.0 1) as the age of the animal increases. The absolute distance of this value, however, changes very little over time. It is difficult to be certain how the growth and maturation of the cortex and the size of the brain interact with the distribution of metabolic activity. Is the activity truly more widespread in young animals, or is the same amount of cortex activated in both young and old animals but differentially distributed because of the size and subsequent growth of the brain? Riddle et al. ( 1992) recently reported that in the rat regions within the somatosensory cortex grow differentially, with the representation of the whiskers (the barrels) growing more than sites in between the barrels and more than the representation of other body parts. In addition, certain barrels grow more than others. They propose that the amount of growth in the somatosensory cortex is regulated by level of activity, or metabolism, in a given brain region. The possibility that brain "columns" grow differentially may help clarify our observation that a relatively widespread pattern evoked by stimulation diminishes in a relative manner over time. Intrinsically active metabolic patches may grow more than others or more than cortical regions devoted to less "important" body surfaces. It is also interesting that the patches observed in the young kittens of this study are substantially smaller than the patches evoked in the adult, suggesting that they may grow preferentially. It is possible that highly specific cortical growth patterns may contribute to the development of the metabolic distribution of label in somatosensory cortex.
Despite differential patterns of growth and the absolute size of the label, the distribution of 2DG uptake appears to be less clearly organized into patches in young animals than in adults. In this regard the activity pattern seems to reflect the development of horizontal connections seen in visual cortex. Katz and colleagues report that tangential connections in area 17 of young cats is initially continuous; the corticocortical connections gradually form discrete patches (e.g., Katz and Callaway 1992) . Luhmann et al. ( 1990) recount similar observations, except their study indicates that individual loci in immature primary visual cortex initially project over very long distances, which diminish over time. Katz and colleagues, however, report that although the distinct nature of the patches increases with maturity, the absolute distance to which a given site projects does not change as the animal ages (Katz and Callaway 1992) . The spots of label observed in 2DG maps of adult somatosensory and visual cortex have been shown to strongly correlate with patches of neurons and terminals labeled by injections into cortical sites activated by stimuli used during the 2DG experiment (Gilbert and Wiesel 1989; Juliano et al. 1990a) . Despite a relatively strong relationship the overlap between the connectional and metabolic forms of label is not entirely complete, indicating that corticocortical connections may not precisely predict the location of 2DG uptake for a number of technical and functional reasons. Although the pattern of connections within the cortex may underlie functional activity levels such as those observed here, other influences must also impact on cortical responses. These additional influences may include other afferent and efferent cortical connections such as those arising from the thalamus, or neurotransmitter systems that impact on the neocortex such as the noradrenergic system emanating from the locus coeruleus or cholinergic fibers emerging from the basal forebrain, as well as neurotransmitter systems intrinsic to the cortex.
Relationship to previous functional studies
Very few experiments have evaluated emerging response properties in the somatosensory cortex of any species, but the existing studies describe similar features. The only study reporting neuronal activity in developing cat somatosensory cortex indicates that somatotopic organization is relatively adultlike at birth (Rubel 197 1) . According to the same study, however, many response properties of the neonatal cortex are not mature. Rubel reports that at birth somatosensory cortical neurons fatigue quickly and do not follow stimuli easily. He also found that the receptive field structure of adult neurons was substantially more complex and varied than that of very young neurons. The ability of older neurons to respond with greater variety and subtlty after stimulation may also contribute to the variability in the density of 2DG uptake seen in the adult compared with the lack of diversity found in young animals. Another study in newborn rats found that somatosensory cortical neurons possessed similar properties to the newborn kitten neurons. Armstrong-James ( 1975) reports that somatosensory cortical neurons of rat pups are sluggish and have long latencies in response to stimuli. Young rat neurons are also roughly somatotopic and appear to be organized in a crude columnar manner. A difference between the cat study and rat study is the report of receptive field sizes in young animals, which were found to be larger than those of adults in rat somatosensory cortex (Armstrong-James 1975; Armstrong-James and Fox 1988 ) but similar in size to adult receptive fields in cats (Rubel 197 1) . Krubitzer and Kaas ( 1988) also found restrained responsiveness in newborn primates. Even though limited, the earlier physiological findings in somatosensory cortex appear to support the data presented here. The metabolic uptake is not as vigorous as that found in the adult and is less well organized, although within the bounds of a somatotopic organization. Both the lack of density and lack of diversity in response may reflect the underlying structure of a cortical neuron that is still differentiating and growing. The relatively diffuse nature of the 2DG label in young animals suggests that receptive fields of individual neurons may be more like those found in the rat, that is, proportionally larger than the receptive fields of adults. The evoked activity as viewed in individual autoradiographs is also consistent with the finding of a crude columnar organization in young somatosensory cortex that evolves to be more "columnlike" with maturity. A study of visually evoked 2DG label in developing cat striate cortex reported a similar finding. Thompson et al. ( 1983 ) found that a relatively precise columnar distribution in visual cortex emerged from a less distinct pattern by 35 days of age.
Metabolic uptake in animals ~2 wk of age Given that neural responses are present in kitten somatosensory cortex at birth, the question arises as to why we were not able to demonstrate stimulus-evoked 2DG uptake before 2 wk of age. One possibility is that the stimulus we used was not effective in the immature brain. We used an intermittent vertical displacement stimulus (flutter) delivered at lo-20 Hz. Although this frequency is highly effective in eliciting evoked activity in the adult, it may not be suitable for young animals. Both Rubel ( 197 1) and Armstrong-James ( 1975) report that neurons in newborn somatosensory cortex are unable to follow repetitive stimuli. Therefore, although neonatal cortical neurons respond to tactile stimulation, their activity is far from mature. It may be that if we used stimuli drastically reduced in frequency, 2DG uptake in response to the tactile stimulus would have been more effective. We tested this possibility in one animal younger than 2 wk that received a stimulus of greatly reduced frequency (4 Hz), but this experiment also did not lead to discernable stimulus-evoked activity. It may be that to be effective in driving neuronal activity in very young brains a somatic stimulus must be presented at an even slower rate, such as 1 stimulus per every few seconds (E. W. Rubel, personal communication) .
This very slow method of stimulus presentation, however, may not be compatible with the 2DG technique because too few stimuli delivered during the 2DG injection period may not cause enough 2DG uptake specifically related to a given stimulus to be visualized. It should be pointed out that although activity particularly related to the somatic stimulus was not observed in animals younger than 2 wk, the kitten brain was highly metabolically active. At that age, a dense band of activity was found in a location corresponding to the subplate (Code and Juliano 1992) . In addition, several thalamic nuclei displayed high levels of uptake.
Another possibility that might explain reductions in stimulus-evoked activity in neonatal animals is the observation that newborns potentially use substrates other than glucose for their metabolic demands (Jones 1979; Cremer 1982) . Chugani et al. ( 199 1) recently addressed this question in a study that considered the evolution of 2DG uptake in kitten brain. They determined that although other substrates, such as lactate and hydroxybutyrate, are available to kitten brain, they exist in small quantities and probably do not contribute significantly to their metabolic requirements. In support of our findings, the same researchers also found that glucose utilization in kittens < 15 days old is substantially lower than adult glucose utilization. These findings seem to bolster the idea that 2DG is used effectively by young animals even though at a lower rate early in development.
The reduced intensity of uptake in very young animals may be due to the immaturity of the neurons and arrangement of cortical laminae. Cortical neurons are still differentiating at r4 wk of age and have not yet established their adult morphology, which may contribute to their inability to effectively follow stimuli and take up 2DG. These observations regarding the development of functional activity in developing brain are important in contributing to our understanding of both the normal cortical response to stimula-
